Almost all of the data on the biological effects of ionizing radiation come from studies of high doses. However, the human population is unlikely to be exposed to such doses. Regulatory limits for radiation exposure are based on the linear no-threshold model, which predicts that the relationship between biological effects and radiation dose is linear, and that any dose has some effect. Chromosomal changes are an important effect of ionizing radiation because of their role in carcinogenesis. Here we exposed pKZ1 mice to single wholebody X-radiation doses as low as 1 Gy. We observed three different phases of response: (1) an induction of inversions at ultra-low doses, (2) a reduction below endogenous inversion frequency at low doses, and (3) an induction of inversions again at higher doses. These results do not fit a linear nothreshold model, and they may have implications for the way in which regulatory standards are presently set and for understanding radiation effects. ᭧
INTRODUCTION
Radiation safety regulations have been determined by extrapolation from knowledge obtained using high doses of radiation and extrapolation based on a linear no-threshold model. This model appears to hold for higher doses of radiation, but it has been questioned for lower doses (1) . Mutation is a major effect of ionizing radiation. The majority of mouse studies showing the mutagenic effects of X radiation in vivo have used doses higher than 1 Gy (2, 3) . Recently, Rothkamm and Löbrich (4) studied X-radiation doses as low as 1 mGy and found evidence for a lack of double-strand break repair in primary human fibroblasts. The only report of a whole-animal model exhibiting a mutagenic response to X-radiation doses below 0.1 Gy was by Scheistl et al. (5) , although it was not clear that the number of induced deletions that they observed was statistically significant. The lack of data for doses below 0.1 Gy results from the limited sensitivity of nearly all mutation assays.
The pKZ1 recombination mutagenesis mouse model is extremely sensitive for detecting chromosomal inversion in the spleen after exposure to low doses of DNA-damaging agents. The pKZ1 transgenic mouse was first described by Matsuoka et al. (6) and has since been developed as an in vivo recombination mutagenesis assay in our laboratory (7) (8) (9) (10) (11) . The pKZ1 transgene comprises the E. coli ␤-galactosidase (lacZ) gene in an inverse orientation with respect to a chicken ␤-actin enhancer-promoter complex (Fig. 1) . The lacZ gene is flanked by mouse immunoglobulin recombination signal sequences that facilitate inversion in the transgene resulting in expression of the lacZ gene, which is then detected in tissue sections using the chromogenic substrate X-gal. Induction of inversions was previously observed in spleen after a single intraperitoneal injection of cyclophosphamide at doses up to four orders of magnitude lower (7) than had previously been observed for point mutations in vivo (12) and at doses 50 times lower for similar experiments using etoposide as the mutagen (10) . The exquisite sensitivity of the pKZ1 assay led us to study the effect of low-dose X radiation on chromosomal inversion in spleen.
MATERIALS AND METHODS

Mice
The pKZ1 transgenic founder was an F 2 C57BL/6J (ϫ DBA2 mouse, and the subsequent transgenic progeny were backcrossed to C57BL/6J mice. The transgenic construct in pKZ1 mice consists of an E. coli ␤-galactosidase gene (lacZ) in inverse orientation with respect to an enhancer-promoter complex (6) . When a somatic intrachromosomal recombination event occurs within the transgenic construct, the lacZ gene may be expressed and the ␤-galactosidase (␤-gal) protein product detected using histochemical staining in tissue sections with the chromogenic substrate X-gal, which stains blue. Heterozygous pKZ1 mice were bred to non-transgenic C57BL/6J mice. The mice were housed in the Flinders Medical Centre Animal House. They were barrier-maintained in microisolators. Full quality control for viruses, parasites and bacteriology was performed on a quarterly basis. All mice tested had a negative status. The mice were fed on a joint stock ration produced by Ridley Agriprod- 
FIG. 3.
Lead attenuation data for 250 kV X rays. Accurate ultra-lowdose delivery was made possible by using attenuation data for lead (Pb).
FIG. 2.
The central-axis depth-dose distribution in the mouse holder was estimated when each compartment had a tissue-equivalent phantom and irradiated using parallel opposed fields at an SSD of 80 cm with a field size of 25 cm ϫ 25 cm. Data were computed from depth-dose data for 250 kV, HVL 3 mm copper. The change in depth-dose values at a longer SSD (291 cm) was not significant for the shallow depth of 2 cm used in these experiments.
FIG. 4.
Dose profile across mouse holders. The non-uniformity of dose for the 250 kV radiation field was produced by self-attenuation of X rays in the target material (Heel effect). This was used as a measure of ''flatness'' of the radiation beam. ucts (Adelaide, South Australia). Progeny from the pKZ1 mouse colony were screened for the pKZ1 construct using DNA from mouse tail clippings and an E. coli lacZ-specific PCR that has been described in detail previously (7) . All experiments were approved by the Flinders University and the Institute of Medical and Veterinary Science/Royal Adelaide Hospital animal ethics committees.
X-Radiation Exposure and Dosimetry
The mice were irradiated using a Philips deep X-ray unit. The machine was operated at 250 kV and 12 mA with an added filter of 0.6 mm tin ϩ 2.5 mm copper ϩ 1 mm aluminum. The equivalent HVL of the beam was 3 mm copper. The source-to-surface distance (SSD) was 80 cm, and the field size was 25 cm ϫ 25 cm. The X-ray machine output was calibrated according to the IPEMB protocol (13) . The cylindrical ionization chamber used for output calibration of the X-ray machine was NE 2571 (NE Technology, UK, S/N 1800), and the electrometer was a Keithley Model 3540 (S/N 86609). This dosimetry system has a calibration factor that is traceable to the Australian Radiation Protection and Nuclear Safety Agency. Irradiation was carried out after mice were placed in a Perspex mouse holder under full backscatter conditions using two parallel-opposed fields. The mouse holder was constructed using 0.5-cm-thick Perspex plastic with 12 compartments each having dimensions of 3 cm ϫ 7 cm ϫ 3.5 cm. The outer dimensions of the holder were 15 cm ϫ 21 cm ϫ 4 cm. This facilitated simultaneous irradiation of mice and ensured uniform dose delivery to a batch of animals. The central-axis depth-dose distribution using two parallel-opposed fields in the mouse holder when each compartment had a tissue-equivalent phantom is shown in Fig. 2 . The calibrated output for standard field size (10 cm ϫ 10 cm) was 0.15 Gy/min. The field correction factor for a 25 ϫ 25-cm field was 1.19. The percentage depth dose at 2 cm depth in water for a 25 ϫ 25-cm field was 102% for an SSD of 80 cm. Radiation doses less than 0.1 Gy were delivered at an SSD of 291 cm using additional lead filters (Fig. 3 ) to reduce the dose rate. The change in the depth-dose value at greater SSD was not significant for the shallow depth of 2 cm used in this experiment. In vivo dosimetry was carried out for ultra-low-dose irradiations by placing a Victoreen 450P (S/N 1343) survey meter very close to the mouse holder. The survey meter was calibrated using standard radioactive isotopes.
The off-axis dose profile was measured in a uniform plastic phantom. Capsules of LiF (TLD 100) powder were placed on the top and bottom sides of the plastic phantom and irradiated from both surfaces. A radiation field length of 25 cm could accommodate six compartments of the mouse holder. The thermoluminescence dosimeter (TLD) used in this study had a typical standard error of 3%. Before the TLD powder was used, an annealing cycle was carried out at 400ЊC (high-temperature anneal) for 1 h and then 24 h at 80ЊC (low-temperature anneal). The exposed TLDs were read out at a temperature of 50-240ЊC at a ramp rate of 20ЊC per second for a 30-s read time. High-purity N 2 gas free from O 2 and water vapor was channeled through the instrument during reading to suppress signal noise. For each point, at least three readings were taken and a mean value was considered for dose formalization. The dose profile across the mouse holder was obtained after averaging the dose from both sides of the mouse holder (Fig. 4) .
The factors that contributed to the overall uncertainty of radiation dose delivered were (1) timer error Ϯ1.5%, (2) non-uniform depth dose Ϯ1%, (3) non-uniformity of dose across the plane Ϯ4%, (4) uncertainty in TLD readings error Ϯ1.5%, (5) uncertainty of dose rate due to kV and mA fluctuations Ϯ1.5%, and (6) positioning uncertainty Ϯ2.5%. The nonuniformity of the body surface would produce a non-uniform dose delivered to the whole body of the mouse. It is very difficult to estimate this error. Accounting for all these factors, the overall uncertainty in dose delivery is conservatively estimated to be less than Ϯ20%. The arrangement for irradiation with low doses is shown in Fig. 5 . 
Irradiation of Mice
The mice were exposed using the irradiation facilities in the Department of Medical Physics at the Royal Adelaide Hospital described above. The mice, including all control mice, were transported to the Royal Adelaide Hospital from Flinders Medical Centre by car in their normal housing cages. The mice were then transferred into the irradiation holder for the duration of the exposure. The control mice were also placed in the Perspex holder for the same period but without exposing them to radiation. After irradiation the mice were returned to Flinders Medical Centre in their normal housing cages.
Histochemical Detection of SICR Inversions
Three days after radiation exposure, the mice were killed humanely by CO 2 asphyxiation and dissected. The spleens were snap frozen in OCT cryoprotectant embedding compound (Tissue-Tek) and stored at Ϫ20ЊC. This method has been described in detail previously for pKZ1 spleen tissue by Sykes et al. (7) . Briefly, 5-m frozen spleen sections were fixed in glutaraldehyde, stained with X-gal (Sigma), and counterstained with neutral red. Cells expressing E. coli ␤-galactosidase (␤-gal) (i.e. bluestaining cells) were counted using light microscopy. Sixty random fields within each spleen were screened. pKZ1 transgenic mouse brain sections, which exhibit strong E. coli ␤-gal staining (6), were used as a positive staining control. Spleen tissue from non-transgenic pKZ1 animals was used as a negative staining control. All sections were coded and screened blind.
Statistical Analysis
The calculation of inversion frequency in spleen tissue has been described in detail by Sykes et al. (7) . For each mouse spleen, the inversion frequency was determined by dividing the total number of blue-staining cells by the mean estimated total number of cells in 60 random fields. The data were log transformed and analyzed using a two-tailed t test. The estimated total number of cells screened for each animal per treatment group was analyzed by ANOVA.
RESULTS
pKZ1 mice were exposed to a single X-radiation dose ranging from 1 Gy to 2 Gy. The exposures were administered over approximately 1-5 min (see Table 1 for dose rates). Three days later, the mice were killed and their spleen cells were analyzed for inversions. Control mice were treated identically except that the X-radiation machine was not switched on. The results are shown in Table 1 and Fig. 6 . An increasing number of inversions was observed as the dose increased from 100 mGy to 2 Gy. From 10 mGy to 1 mGy, a reduction below endogenous inversion frequency was observed and then, as the dose decreased further, the frequency returned to endogenous levels. At even lower doses, from 10 Gy to 5 Gy, an increase in 450 HOOKER ET AL.
FIG. 6.
Inversion frequency in pKZ1 spleen after single whole-body exposure to X radiation. The percentage of endogenous inversion frequency (percentage treated/control) for duplicate experiments (Expt 1 and Expt 2) is shown for each dose listed in Table 1 . The bold line (100%) represents endogenous inversion frequency. The figure has been divided into three regions to represent the ultra-low-, low-and high-dose responses. *Statistically significant (two-tailed t test).
inversions was observed until finally at 1 Gy, the inversion frequency returned toward endogenous levels. These experiments were performed twice, and the pattern of response was repeatable. Three of the four experiments in both the 1-10-mGy and the 5-10-Gy dose ranges showed statistically significant differences (P Ͻ 0.05) in the treated groups, and in the remaining experiment of each group, the P values closely approached statistical significance (P ഠ 0.06 in each case). There was no significant difference in the number of cells scored in any of the treatment or control groups other than in the 2-Gy group, where there was a reduction in the number of cells, possibly due to cytotoxicity (8) .
DISCUSSION
These results demonstrate that the number of chromosomal inversions in spleen cells after a single acute lowdose X-radiation exposure is not consistent with the linear no-threshold model. Estimates of chromosomal inversions based on such a model would be inaccurate for any doses at or below 10 mGy, leading to an overestimate at doses from 10 mGy to 1 mGy and possibly an underestimate at ultra-low doses of 10 Gy and 5 Gy.
The end point of inversion, as studied here, is a sensitive measure of recombination events in the cell. Recombination ''activity'' is defined here as the absolute level and effectiveness of recombination enzymes. Therefore, recombination activity may be due to a change in the absolute level of recombination enzymes, a change in recombination activity, resulting from a factor such as a change in chromatin conformation, which alters the number of recombination events resulting from a given level of enzymatic activity, or a change in the number of damaged DNA templates, which are repaired by recombination. Quantitative considerations suggest that, except possibly at high doses, all the effects of radiation that we observed were due to changes in the levels of recombination activity. At lower levels, some or all of the effects are likely to have been initiated not by direct radiation effects on the cell, but by the bystander effect, in which radiation damage to one cell can lead to biological changes in surrounding cells (14) (15) (16) (17) . However, irrespective of the mechanism, the changes in the lacZ inversion events after irradiation must reflect changes in recombination events at recognition sequences. It is likely that the pKZ1 transgene is recognized by enzymes involved in nonhomologous end-joining (NHEJ) repair as the inversion breakpoint in spleen has been sequenced and shown to have the V(D)J (variable, diversity, joining) signature sequence (6, 7) known to be formed by the RAG (recombination activating genes) enzyme complex (18) . However, we have observed these same inversion DNA breakpoints in other tissues such as breast and prostate (manuscript in preparation), which are not believed to express the RAG complex. Therefore, it is possible that more ubiquitous NHEJ enzymes are involved in recognition of the transgene, such as the NBS1/RAD50/MRE11 complex (19, 20) .
The concept of nonlinear dose response and hormesis has been gaining ground in recent years (21) . Nonlinear dose response is not surprising given the complexity of cellular processes and the likelihood that different processes have different dose-response curves. We studied doses of X radiation over a range of 6 orders of magnitude, and it is unlikely that different cellular responses behave identically over such a large dose range. We observed three phases of inversion response: (1) ultra-low-dose response, (2) lowdose response, and (3) high-dose response. We hypothesize that endogenous levels of inversions result from endogenous levels of recombination activity and endogenous DNA template damage and that a 1-Gy exposure does not induce significant recombination activity above endogenous levels. At ultra-low doses of 5-10 Gy, direct DNA damage or other cellular effects lead to an increase in recombination activity and a resulting detectable increase in inversions. At low doses from 1-10 mGy, the induced DNA damage leads to either a direct decrease in recombination activity or an indirect decrease resulting from induction of a protective mechanism that results in a decrease in the stimulus for recombination activity. At high doses of more than 0.1 Gy, there is an induction of recombination activity to repair the large amount of induced DNA damage.
The simplest interpretation of the results presented here is that ultra-low doses of radiation are more mutagenic than low doses of radiation exposure, and that low doses of radiation may be beneficial (i.e. anti-mutagenic). There is epidemiological evidence to suggest that low doses of radiation lead to better health outcomes [reviewed in ref. (22)] and a decrease below endogenous transformation frequency has been observed in culture after exposure to low-dose radiation (23) . A direct reduction in NHEJ recombination 451 LOW-DOSE RADIATION AND LINEAR NO-THRESHOLD MODEL activity would lead to lack of repair of double-strand breaks and such cells would be likely to undergo apoptosis and thus would not contribute to carcinogenesis. At ultra-low doses of 5-10 Gy, we observed an induction of inversions which was of similar magnitude to that observed at the much higher dose of 100 mGy (traditionally considered a low dose). However, caution should be taken before making oversimplified conclusions regarding the overall biological significance of the changes in inversions identified at low doses in the present study. An induction or reduction of inversions may be accompanied by an increase or decrease in other mutation end points. It will be the net increase or decrease in total mutation end points that become fixed in a cell that will be important in terms of subsequent carcinogenesis.
Spleen was chosen in this and our previous studies for inversion analysis because it has a relatively homogenous structure compared with other tissues, enabling simple quantification of inversions per total number of cells present in tissue sections. A useful aspect of studying low doses of DNA-damaging agents in pKZ1 spleen tissue is that spleen exhibits a high endogenous frequency of inversion events (approximately 1.8 ϫ 10 Ϫ4 ). This enables detection of a reduction below endogenous levels without having to study enormous numbers of cells. We have previously shown a nonlinear dose response with a reduction below endogenous inversion frequency in response to the agent etoposide (10) . Most mutation assays would miss such a phenomenon because of sampling issues. It is also likely to be especially important, when studying low doses of agents, to use whole-animal mutation models, such as pKZ1, which represent the delicate interplay of entire physiological systems. Inversion events do occur in other tissues in the pKZ1 mice. Methods of histochemical quantification need to be developed for other pKZ1 tissues. It is possible that different tissues might show different inversion doseresponse curves.
Our results suggest that the linear no-threshold dose-response model for X-radiation exposure, and possibly even regulatory decisions based on this model, may need reassessment. However, definitive conclusions regarding the significance of these results for human health are premature. Our studies used single acute doses which, other than for medical exposure, are higher than those to which the public is likely to be exposed. The acute dose of a chest X ray would fall well within the ultra-low-to low-dose range studied here. The exposures were given here at high dose rate. The lowest acute dose administered in the present study was still at a dose rate that was approximately 500 times that of the background rate. Aspects that will be particularly important to study are the effect of different dose rates and the time of sampling on inversion as well as other biological end points. Day 3 postirradiation was chosen for study here since it is expected that DNA repair would take place in spleen within 1-2 days. This same protocol was used previously to study the mutagenic effects of chemical DNA-damaging agents (7, 8) . A J-curve response to lowdose etoposide both in vivo and in vitro has also been observed at day 3 after exposure (10) . It will be interesting in future studies to perform time-course studies for doses in the ultra-low-, low-and high-dose regions. It is possible that different dose responses may be identified at different times postirradiation. It is also possible that the inversion response may be different when the same doses are given at lower dose rates. There may also be dose rates at which different biological responses are stimulated, and these dose rates need to be determined. Finally, the mechanisms behind the changes observed here need to be understood further before conclusions regarding the potential deleterious or beneficial effects of radiation at these low levels are made.
